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(57) ABSTRACT 

A Synchronous croSS-connect Switch for routing data 
Samples from a Source node to a destination node comprises 
a mesh architecture including a plurality of inputs for 
receiving one or more of the data Samples presented to the 
cross-connect Switch. The mesh architecture includes a 
plurality of nodes operatively interconnected with one 
another using one or more half-duplex links. Each of the 
nodes further includes a receiver and a transmitter. Each 
node further includes an input time-slot-interchanger (TSI) 
operatively coupled to a first half-duplex link and to the 
receiver, the input TSI being configurable to Selectively 
reorder one or more data Samples received by the receiver, 
and an output TSI operatively coupled to a Second half 
duplex link and to the transmitter, the output TSI being 
configurable to Selectively reorder one or more data Samples 
to be transmitted by the transmitter. A controller operatively 
coupled to the receiver and to the transmitter is configured 
to Selectively route a data Sample to at least one of an output 
of the cross-connect Switch and an adjacent node in the mesh 
architecture in a conflict-free manner. 
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MESH ARCHITECTURE FOR SYNCHRONOUS 
CROSS-CONNECTS 

FIELD OF THE INVENTION 

0001. The present invention relates generally to commu 
nication networks, and more specifically relates to a Syn 
chronous croSS-connect including a mesh architecture for 
routing data through the cross-connect. 

BACKGROUND OF THE INVENTION 

0002 Communication networks are generally based on 
either a packet-Switching protocol, a circuit-Switching pro 
tocol, or Some combination of the two, Such as, for example, 
an asynchronous transfer mode (ATM) protocol. In a packet 
Switching protocol, messages are divided into packets before 
they are sent. Each packet is then individually transmitted 
and can even follow different routes to its destination based 
on routing information contained in the packet. Once all the 
packets forming a given message arrive at the target desti 
nation, they are recompiled into the original message. In a 
circuit-Switching protocol, on the other hand, the message 
path is determined prior to Sending the data. A dedicated 
channel is allocated for transmission between a Source and 
a destination. Because routing is predetermined, transmitted 
messages need not include routing information, as in the 
case of packet Switching. Circuit Switching is ideally Suited 
for applications in which data must be transmitted quickly 
and must arrive in the same order in which it was Sent. For 
this reason, most real-time data applications, Such as, for 
example, live audio and/or video Streaming, employ a cir 
cuit-Switching protocol. 

0003) Time Division Multiplexing (TDM), which is a 
well-known circuit-Switching protocol, allocates multiple 
data Streams to respective time slots and repeatedly trans 
mits a fixed Sequence of time slots over a single transmission 
channel. TDM is predominantly used in telecommunications 
networks. Synchronous network protocols, Such as, for 
example, Synchronous Optical Network (SONET) and Syn 
chronous Data Hierarchy (SDH) use TDM to transport voice 
and data through the core of the network. A more detailed 
description of these and other conventional protocols may be 
found, for example, in the articles D. Bertsekas et al., “Data 
networks, Second Edition,” Prentice Hall (1992), J. Goral 
ski, “SONET, Second Edition,” McGraw-Hill, USA (2000), 
R. Perlman, “Interconnections: Bridges, Routers, Switches 
and Internetworking Protocols.” Addison-Wesley (1997), M. 
Sexton, “Broadband Networking: ATM, SCH, and SONET,” 
Artech House, MA (1997), S. Kershav, “An Engineering 
Approach to Computer Networks,” Addison-Wesley (1997), 
A. Tannenbaum, “Computer Networks,” Prentice Hall 
(1996), D. Corner, “Internetworking with TCP/IP.” NJ: 
Prentice Hall (2000), all of which are incorporated herein by 
reference. 

0004 One class of Switches known as non-blocking 
cross-connect Switches are typically employed in a Synchro 
nous TDM network. A connection between an input and an 
output of a Switch is considered to be blocked if there is no 
Signal path available through the Switch. Signal paths must 
be simultaneously established for all connections in the 
synchronous TDM network, a condition which is a require 
ment for admission of a new connection. A non-blocking 
cross-connect Switch must guarantee transmission of data 
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through the Switch at a specified aggregate transmission rate. 
Some conventional approaches to designing non-blocking 
croSS connects include time-division Switching, Space-divi 
Sion Switching, and multistage Switching which is essen 
tially a combination of time-division and Space-division 
Switching. 

0005 Each of the above techniques for routing data 
through a network, however, incorporate certain undesirable 
characteristics. Accordingly, there exists a need for a croSS 
connect architecture for use in a circuit-Switching network 
that overcomes the disadvantages of conventional method 
ologies. 

SUMMARY OF THE INVENTION 

0006 The present invention provides techniques for 
forming architectures for Synchronous cross-connects. Tech 
niques according to the invention exploit desirable and 
useful properties of a distributed mesh topology to provide 
a Solution to conventional crossbar-based architectures. For 
example, the architectural complexity of the present inven 
tion increases only linearly with aggregate bandwidth, as 
compared to quadratically with a conventional crossbar 
architecture. Furthermore, the architecture of the invention 
is easily Scalable, for example, by Simply tiling primary 
functional blockS. The croSS-connect architecture of the 
present invention requires only local communication and is 
therefore very amenable to fabrication on a Semiconductor 
integrated circuit (IC) device. It is also optimal for area 
based flip-chip input/output (I/O) packaging. Regularity in 
the design allows the architecture of the present invention to 
be Scaled with proceSS technology and to be easily extended 
to multi-chip implementations for forming multi-terabit Sys 
temS. 

0007. In accordance with one aspect of the invention, a 
Synchronous cross-connect Switch includes a mesh architec 
ture having a plurality of inputs for receiving one or more 
data Samples presented to the croSS-connect Switch. The 
mesh architecture includes a plurality of nodes operatively 
interconnected with one another using one or more half 
duplex links. Each of the nodes in the mesh architecture 
includes a receiver, a transmitter, and an input time-slot 
interchanger (TSI) coupled to a first half-duplex link and to 
the receiver, the input TSI being configured to Selectively 
reorder one or more Samples received by the receiver. Each 
of the nodes further includes an output TSI coupled to a 
second half-duplex link and to the transmitter, the output TSI 
being configured to Selectively reorder one or more Samples 
to be transmitted by the transmitter, and a controller opera 
tively coupled to the receiver and transmitter. The controller 
is configured to Selectively route a Sample to at least an 
output of the croSS-connect Switch or an adjacent node in the 
mesh architecture. 

0008. In accordance with another aspect of the invention, 
a method of routing one or more Samples through a croSS 
connect Switch, the cross-connect Switch including a plural 
ity of nodes operatively coupled in a mesh arrangement, 
each of the nodes including one or more time-slots associ 
ated therewith, includes the Steps of precomputing one or 
more routing Sequences, the routing Sequences reducing a 
routing in the mesh to a one-to-one routing within each of 
the time-slots, reordering the Samples within one or more 
Source nodes in accordance with the precomputed routing 
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Sequences, routing the Samples from the one or more Source 
nodes to one or more corresponding destination nodes 
through the mesh, and reordering the Samples within the 
destination nodes, whereby the Samples are transmitted 
during a correct time-slot. 
0009. These and other features and advantages of the 
present invention will become apparent from the following 
detailed description of illustrative embodiments thereof, 
which is to be read in connection with the accompanying 
drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0.010 FIG. 1 is a graphical representation illustrating a 
time-division multiplexing architecture. 
0.011 FIG. 2 is a graphical representation illustrating a 
Space-division multiplexing architecture. 
0012 FIG. 3 is a schematic diagram illustrating an nxn 
crossbar Switch. 

0013 FIG. 4 is a graphical representation illustrating a 
16-input multistage crossbar Switch. 
0.014 FIG. 5 is a graphical representation illustrating a 
time-space-time (TST) Switch implemented using a cross 
bar. 

0.015 FIG. 6 is a block diagram depicting an exemplary 
16-channel croSS-connect implemented using a 4x4 mesh, in 
accordance with one aspect of the present invention. 
0016 FIG. 7 is a graphical representation depicting a 
three-dimensional model of the 4x4 mesh shown in FIG. 6, 
in accordance with the present invention. 
0017 FIG. 8 is a block diagram depicting an exemplary 
node, in accordance with one aspect of the present invention. 
0.018 FIG. 9 is a graphical representation illustrating a 
routing conflict in a mesh. 
0.019 FIG. 10 is a graphical representation illustrating a 
Source-to-destination channel/time-slot map, in accordance 
with the present invention. 
0020 FIG. 11 is a graphical representation illustrating a 
correspondence between the Source-to-destination channel/ 
time-slot map depicted in FIG. 10 and a bipartite graph 
representation of the corresponding routing, in accordance 
with the present invention. 
0021 FIG. 12 is a graphical representation illustrating a 
reduction of the 3-regular bipartite graph depicted in FIG. 
11 to a 2-regular bipartite graph, in accordance with the 
present invention. 
0022 FIG. 13 is a graphical representation illustrating a 
reduction of the 2-regular bipartite graph depicted in FIG. 
12 to a 1-regular bipartite graph, in accordance with the 
present invention. 
0023 FIG. 14 is a graphical representation illustrating a 
permutation of the Source-to-destination channel/time-slot 
map of FIG. 10, in accordance with the present invention. 
0024 FIG. 15 is a graphical representation illustrating an 
exemplary Store-and-forward routing on a one-dimensional 
mesh including five nodes, in accordance with the present 
invention. 
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0025 FIG. 16 is a graphical representation of an exem 
plary 4x4 mesh implementation of a 16-node 2D croSS 
connect illustrating an instance of a one-to-one routing 
problem, in accordance with the present invention. 
0026 FIG. 17 is a graphical representation illustrating an 
asSociated column bipartite graph representation, in accor 
dance with another aspect of the invention. 
0027 FIG. 18 is a graphical representation of the exem 
plary mesh of FIG. 16 illustrating an instance of a one-to 
one routing problem after column permutations have been 
performed, in accordance with the present invention. 
0028 FIG. 19 is a graphical representation of an exem 
plary mesh of FIG. 16 illustrating an instance of a one-to 
one routing problem after row permutations have been 
performed, in accordance with the present invention. 
0029 FIG. 20 is a graphical representation of an exem 
plary 4x4 mesh of FIG. 16 illustrating an instance of a 
one-to-one routing problem after a Second column permu 
tations have been performed, in accordance with the present 
invention. 

0030 FIG. 21 is a graphical representation depicting a 
three-dimensional model of an exemplary multi-chip imple 
mentation of the 4x4 mesh of FIG. 7 including an expanded 
number of time-slots, in accordance with another aspect of 
the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

0031 FIG. 1 illustrates a time-division switching or 
multiplexing Scheme which includes a timeslot interchanger 
(TSI) 100. The TSI 100 is typically implemented as a buffer 
having a Single input line 102 and a single output line 104, 
but these lines carry Samples from n distinct channels that 
are multiplexed by a multiplexor (MUX) 106. The different 
order of samples on the output line 104, when passed 
through a demultiplexer (DEMUX) 108, results in the n 
Samples being placed on corresponding output lines of the 
DEMUX 108. In essence, the TSI 100 switches samples by 
rearranging the order of the samples on a multiplexed line. 
0032. The process of reordering the samples is repeated 
every n clock cycles and is referred to as the period of the 
TSI. In practice, the TSI 100 is often comprised of two 
buffers, one buffer being used for reading data and another 
buffer being used for writing data during a given TSI period. 
At the completion of a TSI period, the TSI buffers switch 
function (i.e., the buffer used for reading data during a TSI 
period is used for writing data during the next TSI period, 
and vice versa). Within a given TSI period, the clock cycle 
in which a Sample arrives is referred to as the input time-slot. 
The clock cycle in which the sample is read from the TSI 
buffer is referred to as the output time-slot. The function of 
the TSI buffer is to transfer samples from an input time-slot 
to an output time-slot. In addition to the n-byte buffer, a 
memory with n elements is required to Store the mappings 
from input time-slots to output time-slots for each Sample in 
a TSI period. This is generally referred to as a connection 
memory or connection map. 
0033. The TSI has an advantage of being very simple, 
both conceptually and architecturally. Configuring the TSI 
amounts to merely updating connection memory in the TSI. 
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Furthermore, the TSI is able to support multicasting, which 
is when one input channel gets mapped to more than one 
output channel. A TSI Supports this function by Simply 
mapping an input time-slot to multiple output time-slots. 
The TSI, however, is not well-suited to building high 
bandwidth Switches. For example, a croSS connect with a 
one Terabit per Second (Tbit/s) aggregate bandwidth 
requires a TSI memory having at least one Tbit/s of memory 
bandwidth. Using present very large Scale integration 
(VLSI) technology, it is not possible or practical to construct 
a byte-addressable memory with more than a few Gigabits 
per Second (Gbit/s) of memory bandwidth. An access time of 
less than one nanosecond (ns) is very difficult to achieve for 
an appropriately sized memory. The memory bandwidth can 
be increased by employing multiport memory and allowing 
multiple simultaneous memory accesses. However, each 
additional memory port comes at the expense of additional 
integrated circuit (IC) chip area and cost. Even 100 Gbit/s 
multiport memory would be prohibitively large using cur 
rent VLSI technology. 

0034 FIG. 2 illustrates a space-division switching or 
multiplexing Scheme which includes an interconnection 
network 200. In Space-division multiplexing, a Spatially 
distinct signal path carries Samples from a Source channel to 
a destination channel. The Samples are multiplexed by a 
multiplexor (MUX) 202 and stored in a buffer 204 before 
being sent to a demultiplexer (DEMUX) 206. Each sample 
is associated with a different signal path through the Switch 
ing mechanism, depending on its destination. The intercon 
nection network 200 is used to connect all input channels to 
their destination output channel. Since the primary focus 
herein is on non-blocking cross-connects, the interconnec 
tion network 200 must effectively behave as non-blocking 
for all connections. 

0035. The design and analysis of interconnection net 
WorkS is a fundamental topic of Study in the computer 
architecture and parallel processing research community. 
Many of these architectures have been reported which make 
tradeoffs between functionality, performance, and complex 
ity. Typically, domain-specific knowledge is employed to 
Select the best architecture. In the case of Synchronous 
cross-connects, the tradeoffs that are usually considered are 
between throughput, latency, and hardware complexity. 

0036) One well-known interconnection network for use 
with a Space-division Switch is a crossbar. An illustrative 
crossbar arrangement is depicted in FIG. 3. Samples arrive 
on rows 300 and are output on columns 302. Active ele 
ments, generally referred to as cross-points, are placed at 
each interSection between input and output lines. When a 
particular cross-point is active 304, a signal path is formed 
from an input line (e.g., input 2) to a corresponding output 
line (e.g., output 3). If the input lines are not multiplexed, a 
crossbar always connects the Same inputs to the same 
outputs. However, if the input lines carry multiplexed 
Samples, as is often the case, and the Samples have different 
destinations, a crossbar requires a Schedule that determines 
which cross-points in the crossbar to activate during a given 
Sample period. Based upon this Schedule, Samples are trans 
ferred from the Selected input to the Selected output. 

0037. A crossbar is internally non-blocking (i.e., no 
Sample is blocked in the Switch waiting for an output line). 
However, a crossbar may be externally blocking. If two 
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Samples are assigned to the same output at the same time, 
then there is a collision and one of the Samples cannot be 
transmitted at that time. Therefore, it is required that the 
crossbar be Scheduled So that there are no collisions. Imple 
mentation of this crossbar Schedule may be quite complex, 
requires added overhead circuitry and IC area, and may 
increase latency, all of which are undesirable characteristics 
of the conventional Space-division Switching technique. 
0038 An mxm crossbar uses micross-point elements 
and is therefore costly to implement, particularly for large 
values of m, where m is the number of channels in the 
crossbar. Since only m of the micross-points are active at 
any given time, there is a large degree of redundancy. This 
inefficiency has been addressed through the use of multi 
Stage Switches, an example of which is depicted in FIG. 4. 
In a multistage Switching Scheme, the inputs of the multi 
Stage Switch are generally divided into arrays which are 
internally Switched by a crossbar. Multiple Signal paths 
between input arrays 402 and output arrays 404 share center 
stage arrays 400, thus reducing the overall number of 
cross-points. During each time-slot, each array in the mul 
tistage Switch must be rearranged. In a typical multistage 
Switch, the first or input stage contains N/n arrays of size 
nxk, the Second or center Stage contains k arrays of size 
N/nxN/n, and the third or output stage contains N/n arrays 
of size kxn, where N is the number of channels in the 
crossbar, n is the number of inputs in each of the arrays 402, 
404 in the first and last Stages, respectively, and k is the 
number of arrays 400 in the second stage. A conventional 
multistage crossbar with N=16, n=4, and k=4 is shown in 
FIG. 4. 

0039) Clos proved that if ken, a schedule can be found 
which makes the multistage crossbar non-blocking. The 
multistage crossbar is therefore commonly referred to as a 
CloS network or CloS architecture. A more detailed descrip 
tion of CloS networks may be found, for example, in the 
articles C. Clos, “A Study of Non-Blocking Switching 
Networks,” Bell Labs Technical Journal, pp. 406-424 
(1952), and S. Kumar et al., “An Algorithm for Control of 
a Three Stage Clos-Type Interconnection Network,” Fourth 
IEEE Region 10 International Conference, pp. 794-797 
(1989), which are incorporated herein by reference. 
0040 Crossbar-based cross-connects have advantages of 
low latency, high throughout and Some degree of Scalability. 
However, crossbar-based cross-connects may be externally 
blocking, Since Samples from two or more input channels 
maybe undesirably connected to the same output channel. 
The only way to avoid this is to have the crossbar run n times 
faster, which is impractical. 
0041 Conventionally, in order to avoid external block 
ing, time-division Switching has been combined with Space 
division switching. As stated above, a TSI can be viewed as 
rearranging Samples on the input and output lines of a Spatial 
Switch. In time-space-time (TST) Switching, the outputs of 
many TSIs are fed into a space-division switch. If the time 
or T-Stage were missing, then at a given time, there might be 
many inputs of the Space or S-Stage destined for the same 
output, which would cause blocking. By rearranging the 
order in which the S-Stage receives Samples, a degree of 
freedom can be gained in Selecting the S-Stage Schedule. At 
the output of the S-stage, another set of TSIs at the output 
lines rearrange the Samples to deliver them to the output 
channels at the correct time-slot. 
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0042. The use of time-division Switching to avoid colli 
Sions in a Space-division Switching architecture is illustrated 
in FIG.5. With reference to the example of FIG. 5, there are 
four channels 500, each channel 500 having four time-slots. 
Consider the Samples that arrive during time-slot 1. Note, 
that two Samples which arrive during this time-slot are 
destined for channel 3. If these two samples were directly 
input to a crossbar Switch, a collision would result at the 
output. By using the TSIs 502 to reorder the samples within 
each channel 500, it is possible to avoid collisions by having 
the samples directed to channel 3 permuted to different 
tine-slots. 

0.043 TST switching using multistage crossbars as the 
S-Stage is the most common architecture for conventional 
high-end cross-connects. However, there are Several disad 
Vantages with this conventional architecture. Although the 
multistage Switching architecture is Scalable, its Scalability 
is severely limited. First, as the number of channels n 
increases, the required hardware increaseS proportionally 
with n. Second, the crossbar arrangement is not well-suited 
for convenient implementation in a VLSI integrated circuit. 
Typically, a crossbar IC layout requires many interSecting 
connections that Span the entire area of the crossbar. This 
leads to wiring congestion, resistance-capacitance (RC) 
delays due to long interconnects, and associated design 
challenges required to make the design routable and close in 
timing. In addition, there are various electrical problems 
inherent in Such architecture, Such as, but not limited to, 
Signal crosstalk, charge collecting antenna, and other elec 
trical impairments that undesirably effect mixed signal cir 
cuits. Third, the conventional architecture, when Scaled, 
lacks the flexibility to meet many design criteria without 
Significant redesign, due to the precise number of Stages, the 
number of components per Stage, and the number of inputs 
per Stage component. 

0044) The present invention, as will be described herein 
in conjunction with an illustrative Synchronous Optical 
Network (SONET), realizes at least some of the drawbacks 
asSociated with the approaches described above. It should be 
appreciated, however, that the techniques of the present 
invention are not limited to this or any type of Synchronous 
network. Rather, the invention is more generally applicable 
to any circuit-Switching network, Such as, for example, a 
time-division multiplexing (TDM) network. 
004.5 ATDM circuit-switching network transports data 
Samples, the Smallest unit of data that is carried through the 
network. In a voice communications environment, for 
example, a Sample is commonly 8-bits long and corresponds 
to 125 microSeconds (us) of Sampled Voice information 
derived from a single 64K bits per Second (bps) voice 
channel. For Simplicity, the term "sample' is often used 
interchangeably with the term “byte” since a byte is the most 
common sample size in the TDM network. It is to be 
appreciated, however, that a Sample can convey any type of 
data, not merely voice data, and that the Sample size is not 
limited to a particular number of bits. Unlike in a conven 
tional packet-Switching protocol, the Sample in the circuit 
Switching protocol of the present invention is not required to 
include a header portion describing its Source or destination. 
Rather, the destination of a particular Sample is inferred from 
the physical channel on which it is carried and the particular 
time at which the sample is placed on the channel (e.g., the 
position of the sample in a frame). 
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0046) The term “channel” as used herein is intended to 
include any transmission-type media, Such as, but not lim 
ited to, digital and analog communication links, wired or 
wireleSS communication links using transmission forms, 
Such as, for example, radio frequency and optical transmis 
Sions, etc., or metal traces on a printed circuit board (PCB). 
A channel has a certain data rate associated there with which 
determines how many Samples per Second can be transmit 
ted on that particular media. Lower rate channels can be 
aggregated into a single higher rate channel by using, for 
example, multiplexors, as understood by those skilled in the 
art. Likewise, lower rate channels can be extracted from a 
higher rate channel by using, for example, demultiplexerS. 
0047 A circuit-switching network such as SONET 
includes network element nodes interconnected with optical 
links to Selectively construct different topologies, Such as, 
for instance, rings. The function of the network element 
nodes is to multiplex lower rate channels into higher rates 
channels, demultiplex higher rate channels into lower rate 
channels, and to Switch data between different channels. 
TDM channels can be selectively added and dropped in the 
network hierarchy through the use of one or more Add/Drop 
Multiplexors (ADM). Connections between channels are 
preferably Switched with cross-connect Switches or croSS 
connects. In addition to Switching data between channels, 
cross-connects provide network protection by rapidly estab 
lishing new connections between channels when a signal 
path or link fails. An important challenge in the design of a 
cross-connect network is that it must have a bandwidth large 
enough to Switch all data that is aggregated at the network 
core, which is presently in the terabit range. 
0048. In accordance with one aspect of the invention, 
TDM signals are preferably routed using a time-Space-time 
(TST) switching architecture. The general TST switching 
architecture was previously described in connection with a 
multistage crossbar arrangement, as shown in FIG. 5. How 
ever, instead of using a multistage crossbar as a Space-stage 
or S-Stage Switch, as is conventionally done, the present 
invention uniquely exploits the properties of a mesh topol 
ogy which is employed as an interconnection network for 
Synchronous croSS-connects. 
0049. By way of example only, FIG. 6 illustrates an 
architecture utilizing a 4x4 mesh 600 to implement a 
16-channel croSS-connect Switch, in accordance with the 
present invention. As apparent from the figure, the mesh 600 
can be viewed as a two-dimensional (2D) array of nodes 602 
operatively interconnected with adjacent nodes 602 in the 
array using a plurality of half-duplex links 604. The nodes 
602 can be referenced according to their column and row 
positions in the mesh 600. Each node 602 preferably 
includes at least one channel that receives and transmits data 
Samples to and from the croSS-connect. Each Sample that 
arrives on a given receive channel associated with a node is 
Subsequently forwarded to a particular transmit channel in 
the node. The channel that a Sample is received on may be 
considered the Source channel and the channel that the 
Sample is transmitted from may be considered the destina 
tion channel. The Sample is preferably Selectively routed 
through the mesh 600 by being transferred from a source 
channel to a destination channel of a predetermined node(s). 
When the transmit channel receives a Sample, the Sample 
must be transmitted with the correct timing So that it is 
properly Synchronized with other Samples that are transmit 
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ted during the same time interval from other channels in the 
mesh architecture. Preferably, buffering is employed to 
insure correct timing. 
0050. One way to visualize the mesh architecture of the 
present invention is to employ a three-dimensional (3D) 
model with time being represented in the third (t-axis) 
dimension, as illustrated in FIG. 7. With reference to FIG. 
7, there is shown an exemplary 16-channel croSS-connect 
architecture implemented using a 4x4 mesh 700, with each 
node 702-1,1 through 702-4.4 including three time-slots T1, 
T2, T3. It is to be appreciated that although a 4x4 mesh is 
shown primarily for ease of explanation, the techniques of 
the present invention described herein maybe extended to 
any ixi mesh, with each node in the mesh including t 
time-slots, where i,j and t can be any integer greater than 
Zero. The coordinates (i,j) may be used to specify a particu 
lar node address, while the coordinate t may be used to 
Specify a particular time-slot in a given node. Using these 
coordinate designations, each Sample in the mesh 700 can be 
referenced according to its unique coordinate (i, j, t), Such 
that a sample is routed from a Source node and time-slot S(i, 
j, t) to a destination node and time-slot d(i, j, t). For instance, 
FIG. 7 illustrates a sample 704 in source node (4, 3) 
time-slot T2 designated as s(4,3,2). Likewise, a sample 706 
in destination node (2, 4) time-slot T3 is designated as d(2, 
4, 3). 
0051 AS understood by those skilled in the art, routing of 
a Source node S(i,j) to a destination node d(i, j) can be 
performed using a conventional Store-and-forward routing 
technique. Store-and-forward routing techniques which are 
suitable for use with the present invention are described, for 
example, in the articles C. Scheideler and B. Vöcking, “From 
Static to Dynamic Routing: Efficient Transformations of 
Store-and-Forward Protocols, SIAM Journal On Computing, 
Vol. 30, No. 4, pp. 1126-1155 (1999) and R. Cypher, F. 
Meyer auf def Heide, C. Scheideler and B. Vöcking, “Uni 
versal Algorithms for Store-and-Forward and Wormhole 
Routing. In Proc. of the 28th ACM Symp. On Theory of 
Computing (STOC), pp. 356-365 (1996), which are incor 
porated herein by reference. Accordingly, a detailed expla 
nation of Store-and-forward routing techniques will not be 
presented herein. The address of the destination node is 
preferably appended to each Sample and is examined by 
each node to determine whether to keep the Sample or to 
forward it towards its ultimate destination node. 

0.052 A routing technique may be employed which pro 
vides deterministic latency for channel routing and constant 
Size memory requirements. Deterministic worst-case latency 
can be insured by performing graph-theoretic precomputa 
tions off-line. Preferably, a Systolic Sorting technique is used 
for the Store-and-forward routing to insure that the constant 
memory size requirement is met, as will be understood by 
those skilled in the art. In accordance with the present 
invention, each node 702-1,1 through 702-44 in the mesh 
700 is the source and/or destination of at most four samples 
every clock cycle. Data traverses along the i-axis and -axis 
through the array of nodes in the 2D mesh. Store-and 
forward routing can be performed in a contention-free or 
conflict-free manner, as will be explained below. The control 
necessary to perform Such routing is preferably completely 
distributed, although other routing control arrangements 
suitable for use with the invention may be similarly 
employed. 
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0053 FIG. 8 illustrates a functional block diagram of an 
exemplary node 802, formed in accordance with the present 
invention. Node 802 is consistent with any one of the nodes 
602 in the illustrative mesh of FIG. 6, for example. As 
apparent from FIG. 8, node 802 preferably comprises a 
number of functional Sub-circuits or blocks, including a 
receiver (RX) 812, a transmitter (Tx) 814, a buffer block 808 
which actually comprises three n-byte bufferS functioning as 
an input time-slot-interchanger (TSI), an output TSI and a 
routing buffer, a connection memory or map 810, and a 
controller 816. In order to transfer data samples between 
adjacent nodes in the mesh, node 802 includes a plurality of 
pairs of half-duplex links 800. For the exemplary node 802, 
four pairs of half-duplex links 800 are shown. Consistent 
with the half-duplex links 604 shown in FIG. 6, each pair of 
half-duplex links 800 preferably includes an outgoing link 
804 for transmitting data from node 802 to one or more 
adjacent nodes, and an incoming link 806 for receiving data 
from one or more adjacent nodes. Although depicted as 
Separate functional blocks, it is to be appreciated that one or 
more blocks included in node 802 may be combined with or 
incorporated into one or more other functional blockS. For 
example, receiver 812 and transmitter 814 may be imple 
mented as a Single transceiver which incorporates both the 
receiver and transmitter functions. 

0054) The receiver 812 and transmitter 814 are preferably 
operatively coupled to one or more line cards, which are 
often external to the cross-connect, Such as via a backplane 
or alternative connection arrangement. The line cards trans 
mit data to and/or receive data from, for example, fiber optic 
links in the SONET. The receiver 812 and transmitter 814 
may be implemented using, for example, a Serializer/dese 
rializer (SERDES). The SERDES transmits a serial data 
Stream chip-to chip at high speeds (e.g., 2.5 GHz) and uses 
multiplexing and demultiplexing for transferring a parallel 
data Stream on-chip at a slower speed (e.g., 312 MHz), 
which is generally Some multiple (e.g., /8) of the Serial data 
stream. The receiver 812 preferably includes an input/output 
(I/O) interface for receiving external data (e.g., from off 
chip), aligns the data to recover Samples, and forwards the 
data to the input TSI in buffer block 808. Likewise, the 
transmitter 814 preferably includes an I/O interface for 
receiving samples from the output TSI in block 808, frames 
the data for transmission, and Sends the data off-chip. 

0055 With continued reference to FIG. 8, the three 
n-byte buffers comprising buffer block 808 may be imple 
mented, for example, using random access memory (RAM) 
of a predetermined size. Each of the three buffers preferably 
includes enough memory to Store the n Samples that are 
Switched per period. For example, if there are 48 Samples 
Switched per period, then each of the three buffers in block 
808 requires 48 bytes of storage. The connection map 810 
also preferably includes 48 entries, each entry corresponding 
to a Sample and including enough bits to specify the desti 
nation node and time-slot. AS previously Stated, each node 
802 may include four pairs of half-duplex links 800. Each 
link 800 can be configured to transmit or receive all the data 
in buffer block 808 simultaneously. Accordingly, for the 
example case where there are 48 Samples per period, each 
link 800 can send or receive 48 bytes of data. The four links 
800 allow multiple nodes to be operatively interconnected to 
form a 2D mesh, as shown in FIG. 6. 
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0056 Buffer block 808 preferably operates in conjunc 
tion with the receiver 812 and transmitter 814. Specifically, 
data arriving from off-chip that needs to be Switched is 
received from the receiver 812, where clock and data is 
recovered by the SERDES and is demultiplexed to form a 
Sample (e.g., a byte or 8-bits). The sample is then Stored in 
one of the three n-byte buffers in block 808. Depending upon 
the destination node, as obtained from the connection map 
810, the sample is transferred over one of the four outgoing 
half-duplex links 804. Conversely, samples received from 
adjacent nodes arrive on one of the four incoming half 
duplex links 806 and is stored in one of the three n-byte 
buffers in block 808. A received sample that has not yet 
reached its destination node will be stored in block 808 for 
one clock cycle and then transmitted to an adjacent node 
which is closer to its final destination. A byte that has 
reached its final destination node is transferred from one of 
the three n-byte buffers in block 808 to the transmitter 814 
which multiplexes the Sample to a bit Serial data Stream and 
transferS the data off-chip. 

0057 Controller 816 is operatively coupled to the 
receiver 812 and transmitter 814 and functions primarily to 
control all operations of the node, including the routing of 
data through a corresponding node 802. Since the function 
ality of the controller 816 is essentially fixed, it can be 
hardwired (which is generally more efficient than a Software 
programmed microprocessor, at least in terms of Speed), for 
example, as a State machine operatively configured to per 
form the data routing function in accordance with a pre 
defined set of steps, as will be explained in further detail 
below. It is to be appreciated, however, that other alternative 
implementations of the controller 816 are contemplated by 
the present invention, Such as, but not limited to, a micro 
processor configured to execute one or more Software appli 
cation programs. Accordingly, an application program, or 
Software components thereof, including instructions or code 
for performing the methodologies of the invention, as will be 
further described herein, may be stored in one or more 
associated Storage media (e.g., read-only-memory (ROM), 
fixed or removable Storage, etc.) and, when ready to be 
utilized, loaded in whole or in part (e.g., into RAM) and 
executed by the controller 816. 
0.058 Aprimary problem of routing samples on a mesh 
architecture is simplified by exploiting the fact that the 
Source-to-destination mapping is inherently known a priori 
in a circuit-Switching network. Therefore, calculations per 
formed off-line are used to advantageously reduce routing 
complexity. According to the present invention, calculations 
used to perform conflict-free Store-and-forward routing in a 
one-dimensional (1D) linear array are first described. Next, 
additional calculations are presented for reducing a 2D mesh 
routing problem into a plurality of Simple 1D routes that are 
Substantially collision-free. 

0059) The connection map 810 in each node 802 is 
operatively coupled to the controller 816 and preferably 
Stores information regarding where data received by the 
node 802 is coming from and where the data needs to go. 
The connection map 810 may be implemented, for example, 
using RAM or other Suitable Storage media. Based at least 
in part on the information stored in the connection map 810, 
the controller 816 orchestrates the flow of data through the 
CrOSS-COnnect. 
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0060. In accordance with one aspect of the invention, a 
method for routing Samples through the mesh is preferably 
reduced to the following fundamental operations or Steps: 

0061 1. Reorder samples within one or more source 
channels using input TSIS with Sequences precom 
puted off-line. The Sequences reduce routing in the 
2D mesh to a simpler one-to-one routing problem 
within each time-slot. Any given time-slot in the 
channels can then be viewed as an independent 
routing problem. 

0062 2. Route samples from a source channel to a 
destination channel through the 2D mesh. For n 
time-slots, in 2D mesh routes occur in parallel. 
0.063 a. Perform 1D routing of samples in a first 
dimension (e.g., column direction) in parallel 
using the results of off-line precomputations 
which determine a destination for each of the 
Samples. 

0.064 b. Perform 1D routing of the samples in a 
Second dimension (e.g., row direction) in parallel 
(i.e., Substantially concurrently) So that Samples 
are routed to the correct nodes in the first dimen 
Sion (e.g., correct columns). 

0065 c. Perform 1D routing of the samples in the 
first dimension (e.g., columns) in parallel (i.e., 
Substantially concurrently) So that each of the 
Samples are routed to a desired destination chan 
nel. 

0066 3. Reorder the samples within the destination 
channels using output TSIS So that the Samples are 
transmitted during the correct time-slots. 

0067. The above methodology of the present invention is 
preferably performed during every cross-connect period. A 
mathematical formulation will be presented for cross-con 
nect routing on a mesh whereby certain useful results 
derived from combinatoricS and graph theory can be advan 
tageously exploited and applied to the present invention. 
First, it will be shown how these results can be used for 
routing Samples in a 1D mesh, for example, a linear array, 
which represents a special case of the 2D mesh (i.e., a 1xn 
mesh). Using an algorithmic analysis of a graph-theoretic 
model, a 2D mesh routing based on a predetermined number 
of 1D routings can be devised, in accordance with the 
present invention. Preferably, the methodology of the inven 
tion will formulate the channel routing as a one-to-one 
routing problem. 
0068 Mapping to a One-To-One Routing 
0069. The general problem of deterministic routing on a 
mesh can be difficult due, at least in part, to the occurrence 
of potential routing conflicts. Routing conflicts may occur 
when two or more Samples arrive at a given node and these 
Samples are destined to proceed along the same signal path 
Simultaneously. This situation is illustrated by way of an 
exemplary 3x3 mesh depicted in FIG. 9. As shown in the 
figure, consider a sample 904 originating from node 902-9 
that is destined for node 902-2. One possible path for sample 
904 is via Source node 902-9 to node 902-6 to node 902-3 
and finally to destination node 902-2. Likewise, consider 
another sample 906 originating from node 902-4 that is 
destined for node 902-3. One possible path for sample 906 
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is via Source node 902-4 to node 902-5 to node 902-6 and 
finally to destination node 902-3. If sample 906 which 
originates from node 902-4 is sent one cycle earlier than 
sample 904 originating from node 902-2, there will ulti 
mately be a collision of the two samples 904, 906 which 
occurs at node 902-6, since both samples are to be sent to 
node 902-3 simultaneously. 

0070 AS apparent from the above scenario, a conflict 
resolution Strategy is necessary. This implies that at least one 
of the samples must either wait (e.g., be stalled) or be 
redirected along an alternate route. Conventional conflict 
resolution Strategies generally require either additional 
memory to Store Samples that are Stalled, or require more 
latency to deliver Samples that traverse longer alternate 
paths, and thus these conventional approaches are often 
inefficient and costly. Moreover, the conflict resolution issue 
becomes even more complex when the number of potential 
conflicts within a node increases (e.g., greater than two). 
Therefore, a conflict-free routing methodology is preferred. 

0071. In accordance with the present invention, an effi 
cient conflict-free routing method is provided which is 
Superior to conflict resolution techniques conventionally 
employed, as described above. By addressing the potential 
routing conflicts prior to routing the Samples, the present 
invention advantageously eliminates the need for conven 
tional conflict resolution Strategies. It can be demonstrated 
that a special case of one-to-one (i.e., 1D) routing in a mesh 
can be performed conflict free, and that 2D or 3D routing can 
be reduced to one or more one-to-one routings. Consider a 
1D croSS-connect that includes m channels and assume that 
each channel preferably transmits and receives one data 
Sample per clock cycle through the cross-connect. There 
fore, a total of m bytes are transmitted and received every 
cycle. Furthermore, assume that there are n time-slots per 
channel, which corresponds to n clock cycles of data. The n 
time-slots represent one croSS-connect period. Thus, one 
cross-connect period corresponds to the transfer of mxn 
bytes of data through the cross-connect. 

0.072 Each byte corresponding to a given channel and 
time-slot can be transferred to any other channel and time 
Slot within the cross-connect period. By definition, each 
channel/time-slot destination receives exactly one byte of 
data in a cross-connect period. A destination channel and 
time-slot for each Sample can be described using the tuple 
S(m,n), where m is the particular channel and n is the 
time-slot. FIG. 10 illustrates a connection map 1000 repre 
Senting an exemplary 1D Source-to-destination routing in 
which the total number of channels m is 4 (e.g., 1004, 1006, 
1008, 1010) and the total number of time-slots n is 3 (e.g., 
1012, 1014, 1016). For example, a sample 1002 received on 
channel 3, time-slot 2 (i.e., S(3.2)) is shown with a destina 
tion of channel 2, time-slot 1. This connection map 1000 will 
be utilized to demonstrate the routing methodologies of the 
present invention. 

0.073 By way of example only, consider a 1.28 terabit per 
second (Tbit/s) cross-connect. In SONET, this would cor 
respond to 24,576 STS-1 channels (each STS-1 channel 
having a data rate of 51.85 Megabits per second (Mbit/s)) or 
32 STS-768 channels (each STS-768 channel having a data 
rate of 39813.12 Mbit/s). A cross-connect having the nec 
essary data throughput could be achieved with a 256 
channel implementation, where each channel has a band 
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width of about 5 Gigabits per second (Gbit/s). This 
corresponds to a cross-connect period which includes 96 
timeslots. Thus, in this example, m=256 and n=96. A more 
detailed description of SONET may be found, for example, 
in J. Goralski, “SONET, Second Edition,” USA: McGraw 
Hill, 2000, which is incorporated herein by reference. 
0074 Forming a methodology that allows samples to be 
Stored-and-forwarded through the mesh deterministically 
and efficiently is an important design challenge. Ideally, 
memory requirements and worst-case latency for any route 
through the mesh must be minimal. We would like the 
worst-case latency or “optimal time” to be 2d-2 for a dxd 
mesh, where d is equal to m, the number of channels in the 
mesh. Furthermore, we would like to achieve a minimum 
buffer requirement or “optimal Space' of 2xmxn, where, as 
previously defined, m is the number of channels in the mesh 
and n is the number of time-slots in a given channel. 
0075 Communication through a mesh interconnection 
network has been Studied extensively (see, e.g., D. E. Culler 
et al., “Parallel Computer Architecture,” Morgan Kaufmann 
Publishers (1999), S. Y. Kung, “VLSI Array Processors,” 
Prentice Hall (1988), and R. K. Ahuja et al., “Network 
Flows: Theory, Algorithms, and Applications.” Prentice 
Hall, Englewood Cliffs, N.J. (1993), which are incorporated 
herein by reference). The general problem is Substantially 
complex. Conventional Solutions exist which are able to 
route Samples in optimal time but require at least 31 times 
the optimal Space. Alternatively, limiting communication to 
permutation routing makes the Solution Space-optimal but 
requires at least six times the optimal time. Moreover, most 
optimal algorithms to date have significant multiplicative 
constants and are therefore non-trivial to implement. 
0076. In accordance with the present invention, the TDM 
cross-connect problem has useful properties that are advan 
tageously exploited. If there are n Sets of Samples within a 
cross-connect period that each have a unique Source channel 
and a unique destination channel, then routing can be 
formulated, as will be described below, based on a special 
case of one-to-one routing. It can be demonstrated that a 
one-to-one routing of Samples in a mesh can always be 
determined, and that using the result as a Schedule leads to 
a simple Store-and-forward routing methodology that is 
Substantially space-optimal and time-optimal. In addition, a 
Store-and-forward methodology based on a one-to-one rout 
ing can be performed conflict free, as previously explained. 

0077. A mathematical derivation of a cross-connect 
Scheduling Solution will now be described, in accordance 
with one aspect of the invention. A vertex Set U(u) is 
preferably defined, where each vertex u in Set U corresponds 
to a particular Source channel. Similarly, a vertex set V(V) is 
defined, where each vertex v in Set V corresponds to a 
particular destination channel. An edge set E(e) may be 
defined, where each edge e in Set E is incident to one vertex 
u in Set U and one vertex v in Set V when a Sample S is 
required to be transferred from a Source channel u to a 
destination channel V. It is to be appreciated that a vertex u 
in Set U may be considered a Source node while a vertex V 
in Set V may be considered a destination node. 
0078 For the above vertex set definitions, the number of 
vertices in sets U and V correspond to the number of 
channels in the cross-connect, such that U=V=m. For the 
above edge Set definition, the number of edges in Set E is 
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equal to the total number of Samples during one croSS 
connect period, Such that E=mxn. A graph G(U, V, E) is 
preferably defined which includes the vertices u, v and edges 
e in Sets U, V and E, respectively. By definition, the graph 
G is a k-regular bipartite graph, where k in this instance is 
equal to the number of time-slots n (see, e.g., D. B. West et 
al., “Introduction to Graph Theory,” NJ: Prentice Hall, 1996, 
which is incorporated herein by reference). 
007.9 FIG. 11 illustrates a routing bipartite graph repre 
sentation 1100 for the exemplary connection map 1000 
shown in FIG. 10. As apparent from the figure, for example, 
samples 1124, 1126, 1128 received on channel 1 correspond 
to source vertex 1104 (e.g., u=1) in the bipartite graph 1100. 
The destination vertices 1106, 1114, 1118, 1122 correspond 
ing to a particular source vertex 1104, 1112, 1116, 1120 will 
be determined in accordance with the connection map 1000 
for the given routing. For example, Sample 1124 received on 
channel 1, time-slot 1 in connection map 1000 indicates a 
destination of channel 4, time-slot 1. Similarly, sample 1126 
has a destination of channel 1, timeslot 3 and sample 1128 
has a destination of channel 1, time-slot 2. The same 
representations are used for the remaining channels 2, 3, 4 
in the connection map 1000. Note, that in some instances 
there may be more than one edge between two vertices. For 
example, the bipartite graph 1100 indicates two edges 1108, 
1110 between Source vertex 1104 and destination vertex 
1106, each edge 1108, 1110 corresponding to different 
time-slots in the Source and destination vertices 1104, 1106, 
respectively. 

0080 A matching M is preferably defined as a set of 
edges in Set E Such that no two edges in mapping Set M are 
adjacent to the same vertex. If M=U=IV, then the match 
ing will be maximal. A well-known mathematic theorem, 
namely, Hall's Matching Theorem described, for example in 
the text M. Hall, “An Algorithm for Distinct Representa 
tion,” Journal of Mathematical Sciences, pp. 26-30 (1935), 
proves that a k-regular bipartite graph always has a maximal 
matching M of size U=IV. If the edges in mapping set M 
are removed from the routing bipartite graph G, then the 
resulting graph becomes a (k-1)-regular bipartite graph, 
which also has a maximal matching of size U=IV. In 
accordance with the present invention, we can iteratively 
reduce the routing bipartite graph G to obtain in Sets of 
maximal matches, where again n is the number of timeslots. 
0081. This recursive process is consistent with finding a 
minimum coloring in a bipartite graph. AS will be under 
stood by those skilled in the art, a minimum coloring is 
essentially an assignment of colors to the edges of a bipartite 
graph G Such that no two edges incident with a vertex have 
the same color and the number of colors used is minimal. AS 
set forth in Hall's Matching Theorem, the minimum number 
of colors that can be assigned in a k-regular bipartite graph 
is k. Various polynomial time complexity algorithms have 
been reported for finding maximal matching and minimum 
colorings in bipartite graphs, for example in the articles J. 
Hopcroft et al., “Ann Algorithm for Maximum Matchings 
in Bipartite Graphs,”SIAM Journal of Computing, Vol. 2, 
No. 4 (December 1973), H. N. Gabow et al., “Algorithms for 
Edge Coloring Bipartite Graphs and Multigraphs, SIAM 
Journal of Computing, Vol. 11, No. 1 (February 1982), A. 
Schrijver, “Bipartite Edge Coloring in O(Am) Time,”SIAM 
Journal of Computing, Vol. 28, No. 3, pp. 841-846 (Decem 
ber 1973), and J. Carpinelli et al., “Applications of Edge 
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Coloring Algorithms to Routing on Parallel Computers, 
Proceedings of the Third International Conference On 

Supercomputing, Boston, Mass., pp. 249-257 (May 1988), 
which are incorporated herein by reference. 

0082 Preferably, n sets of samples are determined with 
each Set including m Samples, where n is the number of 
time-slots and m is the number of channels, as previously 
Stated. Each of the m Samples originate from one Source 
channel and are associated with a unique destination chan 
nel. This is essentially equivalent to finding n maximal 
matchings that have n disjoint Sets of edgeS. Such that no two 
edges are incident with the Same vertex. The Source-to 
destination channel mappings are used to construct a k-regu 
lar bipartite graph. Subsequently, the bipartite graph is 
utilized to find n maximal matchings. Each Set of matchings 
preferably defines a set of Samples that are inputs to the 
one-to-one routing problem. The Samples in each Set of 
matchings may be described using the tuple (u, v), where u 
and V represent the Source vertex and destination vertex, 
respectively, of a given Sample. 

0083. By way of example only, FIGS. 12 and 13 illus 
trate a methodology for determining a maximal matching 
and reducing the routing bipartite graph shown in FIG. 11, 
in accordance with the present invention. With reference to 
FIG. 12, an exemplary 3-regular bipartite graph 1200 is 
reduced to a 2-regular bipartite graph 1202 by computing a 
first matching M representing all edges 1204, 1206, 1208, 
1210 where no two edges in matching M are incident with 
the same vertex. These edges are depicted as dotted lines in 
the figure and correspond to the matching M={(1,4), (2,1), 
(3.3), (4.2). AS previously stated, in matching M each 
channel is the Source and destination of only one Sample. 
When edges 1204, 1206, 1208, 1210 in matching M are 
removed from the bipartite graph 1200, the 2-regular bipar 
tite graph 1202 results. In this reduced graph 1202, one or 
more of the remaining edges 1212, 1214, 1216, 1218, 1220, 
1222, 1224, 1226 share a common Source vertex and des 
tination vertex with at least one other edge. 
0084. In FIG. 13, the exemplary 2-regular bipartite graph 
1202 is reduced to a 1-regular bipartite graph 1300 by 
computing a second matching M representing all edges 
1302, 1304, 1306, 1308 where, in a manner consistent with 
the computation of matching M, no two edges in matching 
M2 are incident with the same vertex. These edges are 
depicted as dotted lines in the figure and correspond to the 
matching M={(1,1), (2.3), (3.2), (4,4)}. By removing edges 
1302, 1304, 1306, 1308 from bipartite graph 1202, the 
1-regular bipartite graph 1300 is determined. The resultant 
1-regular bipartite graph 1300 is represented by the final 
matching Ma={(1,1), (2.3), (3.2), (4.4). The fact that 
matching M2 is the same as matching M in this example is 
merely coincidental. In this manner, the three sets of match 
ings, namely, M1, M2, Ms, each mapping including four 
Samples, provides a desired one-to-one Source-to-destina 
tion channel mapping. It is to be appreciated that the 
techniques of the present invention described herein may be 
easily extended to compute additional mappings for a larger 
Set of Samples (e.g., a mesh having more channels and/or 
time-slots). Likewise, for a smaller set of Samples a reduced 
number of matchings may be sufficient. Once all of the 
mappings have been determined as described above, each 
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matching is preferably assigned to a unique time-slot. The 
time-slot that each matching is assigned to is not critical and 
may in fact be arbitrary. 
0085 FIG. 14 illustrates how row permutations, which 
may be required for rearranging the time-slots of one or 
more Samples within each channel, are performed for opera 
tively aligning the matchings M1, M2, Ms, as previously 
computed, within the same time-slots, in accordance with 
the invention. It is assumed in this illustrative row permu 
tation methodology that matching M is assigned to time 
slot 1. Recall that M ={(1,4), (2,1), (3,3), (4.2). Conse 
quently, each Sample that corresponds to this matching must 
be permuted to time-slot 1. In accordance with matching M, 
Source channel 1 must be matched to destination channel 4. 
Since the sample 1402 in time-slot 1 of connection map 
1000 is already destined to channel 4, no permutation is 
required. However, Since matching M indicates that Source 
channel 2 is matched to destination channel 1 and the Sample 
1404 presently in time-slot 1 of connection map 1000 is 
destined to channel 3 rather channel 1, that Sample it is 
permuted (e.g., interchanged) with the sample 1408 in 
time-slot 2. With respect to channel 3, source channel 3 is 
matched to destination channel 3 according to matching M. 
Since the sample 1406 in time-slot 1 of the connection map 
1000 is already destined for channel 3, no action is required. 
Finally, matching M requires Source channel 4 to be 
mapped to destination channel 2. Therefore, Since the 
sample 1410 in time-slot 1 of the connection map 1000 is 
destined for channel 4 rather than channel 2 as desired, the 
samples 1410 and 1412 in time-slots 1 and 3, respectively, 
of channel 4 are permuted. 
0.086 The above permutation methodology is similarly 
performed for the next matching M. By definition, the 
Samples in the final matching M will already be properly 
aligned in their assigned time-slot, resulting in the permuted 
connection map 1400. For applications involving a larger 
number of matchings, the techniques of the present inven 
tion described herein are preferably recursively performed 
until only one matching remains. It is to be appreciated that, 
in accordance with the present invention, when permutations 
within each of the channels are completed, each timeslot will 
include Samples having unique Source and destination chan 
nels. 

0.087 Each time-slot in the illustrative permuted connec 
tion map 1400 of FIG. 14 is considered a matching that is 
treated as a separate routing problem. The input TSI can 
reorder Samples So that all Samples that are matched are 
inserted into the same time-slot. The output TSI is preferably 
responsible for making Sure Samples are transmitted during 
the correct output time-slot. Thus, in accordance with the 
present invention, the problem of routing Samples in the 
cross-connect has been reduced to one-to-one routing within 
each time-slot. 

0088 Conflict-Free Routing in a 1D Mesh 
0089. Now that techniques have been described for 
reducing a 2D mesh routing to a one-to-one routing problem, 
additional graph theoretic analyses may be performed to 
further reduce the routing complexity, in accordance with 
another aspect of the invention. First, we examine how to 
perform one-to-one permutation routing on a 1D array of 
elements with half-duplex linkS. Routing on a 1D array can 
be formulated as a parallel Sorting problem. Each node in the 
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1D array is preferably ordered from 1 to m, where m is an 
integer greater than 1. Since exactly one Sample is the Source 
and destination of each node, the destination channel 
address is preferably appended to each Sample, and Store 
and-forward routing is Subsequently performed through the 
array. The Store-and-forward routing may be viewed as 
performing a parallel Sort on these destination channel 
addresses. Thus, the architecture described herein is effec 
tively a 1D Systolic array. 

0090 Since each node in the mesh array can transfer one 
Sample in each direction (except for the nodes on either ends 
of the ID array), each node can transmit and receive two 
Samples each cycle. Samples traveling in opposite directions 
can never interfere with one another So there is never a 
contention issue. Each Sample moves one Step closer to its 
predetermined destination node every cycle. The routing 
requires at most m-1 cycles to complete on an array of n 
nodes. 

0091. By way of example only, FIG. 15 illustrates a 
routing technique on an exemplary 1D mesh which includes 
five nodes (e.g., 1 through 5), in accordance with the present 
invention. With reference to FIG. 15, several sequential 
representations 1500, 1502, 1504, 1506, 1508 are shown, 
each of the representations illustrating a particular stage in 
the proceSS for routing Samples through the exemplary ID 
mesh. In an initial configuration 1500, the sample 1510 in 
node 1 is destined to node 4, the sample 1512 in node 2 is 
destined to node 1, the sample 1514 in node 3 is destined to 
node 5, the sample 1516 in node 4 is destined to node 2, and 
the sample 1518 in node 5 is destined to node 3. The 
destination information for routing each of the Samples 
maybe precomputed off-line using the methodologies of the 
invention as previously described (e.g., a connection map). 
0092. As apparent from the figure, samples 1510, 1514 
being routed from a lower number node to a higher number 
node travel left to right. Similarly, samples 1512, 1516, 1518 
being routed from a higher number node to a lower number 
node travel from right to left. The above destination direc 
tions are, of course, arbitrarily chosen and it is to be 
appreciated that the invention will function Similarly if Such 
designations were reversed. During each clock cycle, every 
Sample is examined by a corresponding node receiving Such 
Sample and the Sample is Stored if that node matches the 
intended destination of the sample. If the node is not the 
intended destination node of the Sample being evaluated, the 
Sample is forwarded to an adjacent node. For example, 
representation 1502 illustrates how the samples are moved 
from respective storage buffers 1520 to buffers 1522 
included in each node for forwarding the Samples to an 
adjacent node. In representation 1504, all samples have been 
forwarded to respective buffers 1524 in adjacent nodes to 
once again be evaluated to determine if the particular node 
matches an intended destination node of the Sample. AS 
shown in representation 1506, the received sample 1512 in 
node 1 matches its destination node and is therefore Stored 
in node 1. All other samples have been forwarded. Repre 
sentation 1508 illustrates a final routing in which all samples 
1510, have been forwarded to their respective destination 
nodes. Clearly, the routing in this example is conflict-free. 

0093. As previously explained, the 1D mesh may be used 
as a Spatial interconnection network of a TST cross-connect. 
It has already been shown how the cross-connect can be 
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mapped to a one-to-one routing problem by permuting 
Samples in one or more time-slots Such that each time-slot is 
asSociated with a particular matching Set. Each time-slot 
(e.g., column) is then mapped to a 1D Systolic array. For 
example, after the permutations in FIG. 14 have been 
completed, each of the three time-slots can be mapped to a 
1D array including four nodes. Each 1D array routes 
Samples from Source channels to destination channels in a 
conflict-free manner. All Samples reach their destination 
nodes in at most three clock cycles. 

0094. One limitation with the 1D array, however, is the 
time required to complete channel routing when the number 
of channels is large. For instance, when the number of 
channels is greater than the number of time-slots then 
routing in the 1D array cannot be completed within one 
cross-connect period. One Solution in this case is to collect 
more than one croSS-connect period worth of data and then 
route multiple periods of data in a parallel. While this 
Satisfies the functionality of the croSS-connect, it comes at 
the expense of potentially significant additional hardware 
(e.g., roughly, the number of cross-connect periods times the 
amount of hardware is required). Since a diameter of the 2D 
mesh, which may be defined as the longest distance a Sample 
is required to travel, is Smaller in comparison to the 1D 
mesh, the techniques of the present invention are preferably 
employed to determine a routing Solution for a 2D mech 
architecture. 

0.095 Conflict-Free Routing in a 2D Mesh 
0096. The techniques of the present invention described 
herein may be operatively extended to provide an efficient 
conflict-free Store-and-forward routing method which can be 
applied to a 2D mesh. AS previously Stated, the 2D mesh 
comprises a plurality of nodes preferably arranged in a 
column and row configuration or array. The conflict-free 
Store-and-forward routing is essentially only possible when 
routing on the 2D mesh can be reduced to recursively 
routing on the individual columns and rows of the mesh. A 
precomputation can be performed off-line for each column 
that finds a permutation, whereby after performing the 
permutation there is at most one sample in each row that is 
destined for any given column. Once again, a bipartite graph 
representation can be used to capture the Source-to-destina 
tion mapping within each of the columns. 

0097. A mathematical derivation of a cross-connect 
Scheduling Solution will now be described, in accordance 
with another aspect of the invention. In a manner consistent 
with the 1D routing methodology previously described, a 
vertex set U(u) is preferably defined, where each vertex u in 
Set U corresponds to a particular Source column. Likewise, 
a vertex set V(v) is defined, where each vertex v in set V 
corresponds to a particular destination column. An edge Set 
E(e) may be defined, where each edge e in Set E is incident 
with one vertex u in Set U and one vertex v in set V when 
a Sample S is required to be transferred from a Source column 
u to a destination column v. For the above vertex set 
definitions, the number of vertices in sets U and V are 
expressed as U=V=Vm, where m is the number of channels 
in the cross-connect when a Square mesh is utilized. For the 
edge Set definition, the number of edges in Set E is equal to 
the number of channels in the cross-connect, Such that 
E=m. A graph G(U,V,E) is preferably defined that includes 
the vertices u, v and edges e in Sets U, V, and E, respectively. 
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By definition, the graph G is a k-regular bipartite graph, 
where k for the 2D mesh routing case is expressed as k=Vm. 
The value k represents the maximum number of edges that 
are incident to any node (i.e., the degree of the node). 
0098. We use the column routing bipartite graph G to find 
k matchings. Each matching is a permutation that can be 
used to Sort the columns whereby after the column permu 
tations are performed there is at most one Sample in each 
row destined for any given column. After the application of 
the column permutations, each row is transformed to a 
one-to-one routing problem. We can then perform a 1D 
Sorting of all the rows in parallel So that afterwards, all the 
Samples are in the correct columns. Once all of the Samples 
are in their correct columns, by definition, Sorting of the 
columns becomes a one-to-one routing problem. Finally, we 
perform a 1D sort of the columns to complete the 2D 
routing. The entire channel routing procedure requires at 
most 3d-3 cycles to complete for a dxd mesh, where d can 
be any positive integer. 
0099 FIG. 16 is an exemplary 4x4 mesh implementation 
of a 16-node cross-connect illustrating an instance of a 
one-to-one routing problem, in accordance with the present 
invention. FIG. 16 is representative of an exemplary routing 
which may occur during one of the time-slots of the croSS 
connect after the input TSI computes matching permuta 
tions. AS apparent from the figure, the nodes 1602-a1 
through 1602-d4 are arranged as a 2D mesh 1600 with 
columns 1 through 4 and rows a through d. Each node in the 
mesh 1600 is preferably coupled to one or more adjacent 
nodes via a pair of half-duplex links which are represented 
in FIG. 16 as bidirectional arrows 1604, consistent with the 
half-duplex links shown in the mesh of FIG. 6. A particular 
node in the mesh 1600 may be referenced according to its 
unique row i and column j by the tuple (i,j). Similarly, each 
Sample y(i,j) associated with a given node is destined to row 
i and column j. Note, that each node is a Source and a 
destination of one sample. For example, node (a, 1) is a 
Source node of Sample y(b, 2) and is a destination node of 
Sample y(a, 1) originating in Source node (a, 3). 
0100 FIG. 17 illustrates a column routing bipartite graph 
representation 1700 corresponding to the mesh of FIG. 16, 
along with a matching that could be used to permute Samples 
into the first row a. The representation 1700 may be con 
sidered a 4-regular bipartite graph Since there are four 
columns associated with this illustrative mesh. Note, that in 
Some cases there is more than one edge between two same 
vertices. For example, vertex 1702 and vertex 1704 have 
three common edges 1706, 1708, 1710. This situation was 
Similarly addressed above in connection with a one-to-one 
routing methodology. 

0101. In a manner consistent with that used in the one 
to-one routing example previously described, the k-regular 
bipartite graph is preferably reduced to a (k-1)-regular 
bipartite graph by computing a first matching M wherein no 
two edges in the matching are incident with the same 
Vertices. 

0102) Matching M may then be removed from the bipar 
tite graph to form a reduced bipartite graph. This reduction 
procedure is iteratively performed, in accordance with the 
present invention, until a 1-regular bipartite routing graph 
results. In the 1-regular bipartite graph, only one edge exists 
between any two vertices. Again, Hall's Matching Theorem 
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can be employed to determine the maximal matchings. The 
matchings indicate which Samples need to be permuted into 
the Same row. AS previously explained, it does not matter 
which row a particular matching is associated with and a 
matching may, in fact, be arbitrarily Selected to correspond 
to a given row. 

0103 FIG. 17 depicts a first matching 1720 which has 
been selected for row a such that M={(1,3), (2.4), (3, 1), 
(4,2)}. AS apparent from the figure, matching M, includes 
edges 1706, 1712, 1714 and 1716. With reference again to 
FIGS. 16 and 17, in accordance with matching 1720, the 
Sample y(c., 3) in column 1 row d that is destined to column 
3 is permuted to row a. Similarly, the sample y(a, 4) in 
column 2 row c that is destined to column 4 is permuted to 
row a, and Sample y(a, 1) in column 3 row a destined to 
column 1 is not permuted but instead remains in row a. 
Finally, Sample y(c, 2) in column 4 row b destined to column 
2 is permuted to row a. Permutations are performed in a 
Similar manner for the three remaining matchings corre 
sponding to rows b through d. The above permutation 
proceSS is preformed during a first phase of the 2D routing 
methodology of the present invention. 

0104 FIG. 18 illustrates the exemplary 4x4 mesh 1800 
after all column permutations have been performed. Note, 
that after the permutations, there is at most one sample y(i, 
j) in each row a through d destined for any column 1 through 
4 in that row. In a second phase of the 2D routing method 
ology of the present invention, Samples in each of the rows 
are Sorted (e.g., routed in a row direction) Such that each 
Sample is destined to its correct column. For example, with 
respect to row a, Sample y(c., 3) in column 1 row a is routed 
to column 3 row a, Sample y(a, 4) in column 2 row a is 
routed to column 4, etc. Once again, this is a one-to-one 
routing problem in a 1D array and therefore the techniques 
of the present invention previously described may be uti 
lized. FIG. 19 depicts the mesh 1900 after row sorting 
throughout the mesh has been completed, in accordance 
with the invention. 

0105. In a third and final phase of the 2D routing meth 
odology of the present invention, Samples in each of the 
columns are Sorted (e.g., routed in a column direction) 
whereby all samples reach their final destination nodes. For 
example, with respect to column 1, Sample y(a, 1) in column 
1 row a remains in its present node, Sample y(c. 1) in column 
1 row b is routed to column 1 row c, etc. FIG. 20 depicts the 
mesh 2000 after the final column sorting throughout the 
illustrative mesh has been completed. AS apparent from the 
figure, all Samples have reached their intended destination 
nodes. Subsequently, the output TSIS permute corresponding 
Samples in each node So that the data is Sent during the 
correct time-slot. 

0106. In accordance with one aspect of the present inven 
tion, off-line matching computations are used to determine 
one-to-one channel routing in a 2D mesh by performing 
three iterations of 1D Sort-based routing. In a first iteration, 
the columns are Sorted based on the permutations deter 
mined from the matchings, as described above. In a Second 
iteration, each of the rows in the mesh are Sorted in accor 
dance with a predefined Sorting technique as will be under 
stood by those skilled in the art. Finally, in a third iteration, 
each of the columns in the mesh are Sorted. It is to be 
appreciated that the same results are achieved if the match 
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ing permutations are applied to the rows rather than to the 
columns as previously described. In this case, 1D Sorting is 
first performed on the rows, then on the columns, and finally 
on the rows. Furthermore, although the exemplary 2D mesh 
was a dxd (i.e., Square) mesh, the present invention similarly 
contemplates that the 2D mesh can also be rectangular (e.g., 
an mxn mesh, where m is not equal to n). In this case, d 
would represent the maximum number of nodes in either the 
row or the column direction. 

0107 Given the functionality described herein, operation 
of the mesh-based cross-connect preferably occurs in three 
distinct phases, as previously described. During a first phase, 
Samples read from each receive channel are permuted with 
the input TSIS in each of the corresponding channels Such 
that each time-slot has Samples that Satisfy requirements for 
one-to-one routing. The permutations are based on the first 
off-line matching calculations that are captured in the con 
nection memory. During a Second phase, channel routing is 
performed using the column (or row) permutations that were 
computed off-line and Stored in the connection memory. 
During a third phase, the output TSIS permute corresponding 
Samples Such that they are transmitted during an appropriate 
time-slot. These three phases are preferably pipelined and 
may be performed concurrently, whereby Samples are pro 
cessed at a throughput which is three times faster, as 
compared to if the three phases were not performed con 
currently, during any given croSS-connect period. 

0108. The cross-connect architecture of the present 
invention has Several inherent advantageous features which 
make it particularly well-Suited for implementation in a 
VLSI Semiconductor device due, at least in part, to the 
incorporation of the mesh topology described herein. Such 
advantages include, but are not limited to, Simplicity, modu 
larity and regularity. Furthermore, the architecture of the 
invention requires only local communication, which may 
Substantially reduce the required interconnect and/or pin 
count in the Semiconductor device. The mesh architecture of 
the present invention makes it an ideal Solution for area 
based flip-chip technologies. Package Substrate connections 
can be placed vertically above on-chip I/O drivers for 
Substantially Zero Signal skew and IR drop. 

0109) A preferred implementation of the present inven 
tion may employ a single channel as a primary functional 
block that can be replicated in two or more dimensions in 
order to obtain a desired bandwidth. This can be achieved, 
for example, with a configurable channel controller (not 
shown) operatively coupled to each of the channels. The 
channel controller may be used to Selectively configure each 
Single channel as an interior node or as a periphery node 
(i.e., a node on the periphery of the mesh), as understood by 
those skilled in the art. Configuration registerS operatively 
coupled to the configuration controller may be used to 
Selectively define a given channel as an interior node or as 
a periphery node. When the channel is configured as an 
interior node, it can be programmed to utilize all four 
half-duplex linkS. Likewise, when the channel is configured 
as a periphery node, it can be programmed to Selectively 
disable one or more half-duplex links that are not being 
used. 

0110. A conventional methodology can be used for updat 
ing the connection memory, as known by those skilled in the 
art. In addition to the n-byte wide half-duplex links used for 
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channel routing, an additional link may be included for 
concurrent updating of alternate Sets of connection memory 
while channel routing is being performed. A simple conven 
tional protocol, Such as, for example, a west-first then 
South-last Store-and-forward protocol, may be used to 
update the connection memory in mxn clock cycles for an 
mXn mesh. 

0111 For certain applications, such as, but not limited to, 
rapid network recovery, it may be necessary to complete 
off-line computations within certain predetermined specifi 
cations. One way to address this issue is by including a 
dedicated graph-matching engine (not shown). Since the 
offline calculations are generally limited to a few 8-bit 
algorithmic logic unit (ALU) operations per iteration for a 
simple matching algorithm (e.g., an augmenting path 
approach, as understood by those skilled in the art), a VLSI 
implementation of Such graph-matching engine would be 
reasonable. 

0112 Multiple-Chip 3D Mesh Architecture 
0113. There are at least two primary limitations to build 
ing multi-Gbit/s single-chip croSS-connects, namely, maxi 
mum power dissipation using present packing technology 
and maximum pin count (i.e., largest number of I/O pins 
available in the package). Accordingly, a technique for 
extending the 2D mesh architecture to a 3D mesh using 
multiple chips will be described, in accordance with another 
aspect of the invention. 

0114. In FIG. 7, a 2D mesh architecture was illustrated 
using a 3D representation model including time-slots as a 
third dimension. One approach that can be used to increase 
cross-connect bandwidth is to employ multiple chips to 
increase the number of time-slots per period. FIG. 21 
illustrates an exemplary cross-connect implementation for 
extending the number of time-slots in the example in FIGS. 
7 to 12 time-slots using four chips (e.g., chip 1 through chip 
4), in accordance with the present invention. In the illustra 
tive cross-connect, each chip includes three time-slots and a 
same number of channels or nodes 2100-1,1 through 2100 
44. For each Sample, the coordinates (i,j) preferably specify 
a particular channel address, coordinate c preferably Speci 
fies a particular chip, and coordinate t preferably specifies a 
time-slot within a given chip. Each Sample is routed from a 
Source channel, chip, and time-slot S(i, j, c, t) to a destination 
channel, chip, and time-slot d(i,j, c, t). 
0115 Although the hyperplanes illustrated in FIG. 21 
partition the time-slots into Segments, the Set of time-slots 
asSociated with each channel are functionally equivalent to 
the Single chip case and the techniques for permuting 
Samples in channels to formulate routing between channels 
as one-to-one routing still holds. One difference with the 
multiple-chip architecture is that the permutations of 
Samples within a channel may require the Sample to be 
transferred to a time-slot in another chip. Since the TSI 
memory is distributed acroSS different chips, an additional 
mechanism is required. 

0116. The time-slot segments are viewed as nodes in a 1D 
linear array. Samples that arrive on one chip that are required 
to be permuted to another chip are transported using the 1D 
Systolic array architecture described earlier. The multi-chip 
architecture is a 3D mesh with Samples Systolically trans 
ported iteratively in each dimension. In order to Support 
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chip-to-chip transfer of Samples within channels, up to two 
additional sets of receiver (RX) and transmitter (Tx) I/O 
interfaces may be required. Specifically, where a given chip 
in the multiple-chip architecture is adjacent to two other 
chips, a first set of RX and TX I/O interfaces is required for 
the transfer of Samples to one adjacent chip and a Second Set 
of RX and Tx interfaces is required for the transfer of 
Samples to the other adjacent chip. 
0117. Although illustrative embodiments of the present 
invention have been described herein with reference to the 
accompanying drawings, it is to be understood that the 
invention is not limited to those precise embodiments, and 
that various other changes and modifications may be made 
therein by one skilled in the art without departing from the 
Scope or Spirit of the invention. 

What is claimed is: 
1. A Synchronous cross-connect Switch, comprising: 
a mesh architecture including a plurality of inputs for 

receiving one or more data Samples presented to the 
cross-connect Switch, the mesh architecture comprising 
a plurality of nodes operatively interconnected with one 
another using one or more half-duplex links, each of the 
nodes comprising: 
a receiver for receiving at least one data Sample pre 

Sented to the node, 
a transmitter for transmitting at least one data Sample 

from the node; 
an input time-slot-interchanger (TSI) operatively 

coupled to at least a first half-duplex link and to the 
receiver, the input TSI being configurable to Selec 
tively reorder one or more data Samples received by 
the receiver; 

an output TSI operatively coupled to at least a Second 
half-duplex link and to the transmitter, the output 
TSI being configurable to selectively reorder one or 
more data Samples to be transmitted by the trans 
mitter; and 

a controller operatively coupled to the receiver and 
transmitter, the controller being configured to Selec 
tively route a data sample to at least one of: (i) an 
output of the cross-connect Switch; and (ii) an adja 
cent node in the mesh architecture. 

2. The cross-connect Switch of claim 1, wherein the 
controller is configured to Selectively route the one or more 
data Samples in a Substantially conflict-free manner. 

3. The cross-connect Switch of claim 1, wherein at least 
one of the nodes further comprises a routing buffer opera 
tively coupled to the input TSI and the output TSI, the 
routing buffer being configured to at least temporarily Store 
at least one data Sample during a reordering of the one or 
more data Samples. 

4. The cross-connect Switch of claim 1, wherein at least 
one of the nodes further comprises a connection map opera 
tively coupled to the controller, the controller selectively 
routing one or more data Samples in the node in accordance 
with information Stored in the connection map. 

5. The cross-connect Switch of claim 1, wherein at least 
one of the receiver and the transmitter comprises a Serializer/ 
deserializer (SERDES). 
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6. The cross-connect Switch of claim 1, wherein the 
receiver and the transmitter each include an input/output 
(I/O) interface for operatively transferring a data sample 
between the node and the mesh architecture. 

7. The cross-connect Switch of claim 1, wherein at least 
one of the nodes further comprises a transceiver operatively 
coupled to the controller, wherein the receiver and the 
transmitter are included in the transceiver. 

8. The cross-connect Switch of claim 1, wherein the 
controller comprises: 

at least one processor operative to: (i) precompute one or 
more routing Sequences, the routing Sequences reduc 
ing a routing in the mesh architecture to a one-to-one 
routing within each of one or more time-slots associ 
ated with the node; (ii) reorder the one or more data 
Samples within one or more Source nodes in accordance 
with the precomputed routing Sequences; (iii) route the 
one or more data Samples from the one or more Source 
nodes to one or more corresponding destination nodes 
through the mesh, and (iv) reorder the one or more data 
Samples within the destination nodes, whereby the data 
Samples are transmitted during a correct time-slot. 

9. A method of routing one or more data Samples through 
a croSS-connect Switch, the cross-connect Switch including a 
plurality of nodes operatively coupled in a mesh arrange 
ment, each of the nodes including one or more time-slots 
asSociated therewith, the method comprising the Steps of: 

precomputing one or more routing Sequences, the routing 
Sequences reducing a routing in the mesh to a one-to 
one routing within each of the time-slots, 

reordering the data Samples within one or more Source 
nodes in accordance with the precomputed routing 
Sequences, 

routing the data Samples from the one or more Source 
nodes to one or more corresponding destination nodes 
through the mesh arrangement, and 

reordering the data Samples within the destination nodes, 
whereby the data Samples are transmitted during a 
correct time-slot. 

10. The method of claim 9, wherein the step of routing the 
data Samples from the one or more Source nodes to the one 
or more corresponding destination nodes is performed in a 
Substantially conflict-free manner. 

11. The method of claim 9, wherein the step of routing the 
data Samples from the one or more Source nodes to the one 
or more corresponding destination nodes is implemented 
using a store and-forward routing. 

12. The method of claim 11, wherein the store-and 
forward routing of the data Samples further includes the Step 
of performing Systolic Sorting of the data Samples. 

13. The method of claim 9, wherein the step of routing the 
data Samples from the one or more Source nodes to the one 
or more corresponding destination nodes comprises the Steps 
of: 

routing the data Samples in a first dimension in parallel in 
accordance with the precomputed routing Sequences to 
determine corresponding destination nodes; 

routing the data Samples in a Second dimension in parallel, 
whereby the data Samples are routed to intended nodes 
in the first dimension; and 
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routing the data Samples in the first dimension in parallel 
whereby each of the data Samples are routed to the 
corresponding destination nodes. 

14. The method of claim 9, wherein the step of precom 
puting one or more routing Sequences comprises the Step of 
computing a graph-theoretic model for the routing 
Sequences. 

15. The method of claim 9, further comprising the step of: 
partitioning the one or more time-slots associated with the 

plurality of nodes into a plurality of Segments, each of 
the Segments including a same number of nodes, each 
of the nodes including a Subset of the one or more 
time-slots Such that the one or more time-slots are 
distributed acroSS the plurality of Segments, 

wherein the Steps of reordering the data Samples within 
one or more Source nodes, routing the data Samples 
from the one or more Source nodes to one or more 
corresponding destination nodes, and reordering the 
data Samples within the destination nodes are per 
formed substantially in parallel within each of the 
plurality of Segments. 

16. An integrated circuit including at least one Synchro 
nous cross-connect Switch, the at least one Synchronous 
cross-connect Switch comprising: 

a mesh architecture including a plurality of inputs for 
receiving one or more data Samples presented to the 
cross-connect Switch, the mesh architecture comprising 
a plurality of nodes operatively interconnected with one 
another using one or more half-duplex links, each of the 
nodes comprising: 
a receiver; 

a transmitter; 
an input time-slot-interchanger (TSI) operatively 

coupled to at least a first half-duplex link and to the 
receiver, the input TSI being configurable to Selec 
tively reorder one or more data Samples received by 
the receiver; 

an output TSI operatively coupled to at least a Second 
half-duplex link and to the transmitter, the output 
TSI being configurable to selectively reorder one or 
more data Samples to be transmitted by the trans 
mitter; and 

a controller operatively coupled to the receiver and 
transmitter, the controller being configured to Selec 
tively route a sample to at least one of: (i) an output 
of the cross-connect Switch; (ii) and an adjacent node 
in the mesh architecture. 

17. The integrated circuit of claim 16, wherein the con 
troller is configured to Selectively route the one or more data 
Samples in a Substantially conflict-free manner. 

18. The integrated circuit of claim 16, wherein at least one 
of the nodes further comprises a routing buffer operatively 
coupled to the input TSI and to the output TSI, the routing 
buffer being configured to at least temporarily Store a data 
Sample during a reordering of the one or more data Samples. 

19. The integrated circuit of claim 16, wherein at least one 
of the nodes further comprises a connection map operatively 
coupled to the controller, the controller Selectively routing 
one or more data Samples in the node in accordance with 
information Stored in the connection map. 
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20. The integrated circuit of claim 16, wherein at least one 
of the receiver and the transmitter comprises a Serializer/ 
deserializer (SERDES). 

21. The integrated circuit of claim 16, wherein at least one 
of the nodes further comprises a transceiver operatively 
coupled to the controller, wherein the receiver and the 
transmitter are included in the transceiver. 

22. The integrated circuit of claim 16, wherein the con 
troller comprises: 

at least one processor operative to: (i) precompute one or 
more routing Sequences, the routing Sequences reduc 
ing a routing in the mesh architecture to a one-to-one 
routing within each of one or more time-slots associ 
ated with the node; (ii) reorder the one or more samples 
within one or more Source nodes in accordance with the 
precomputed routing sequences; (iii) route the one or 
more data Samples from the one or more Source nodes 
to one or more corresponding destination nodes 
through the mesh architecture; and (iv) reorder the one 
or more data Samples within the destination nodes, 
whereby the data Samples are transmitted during a 
correct time-slot. 

23. A Synchronous croSS-connect Switch, comprising: 
a distributed mesh architecture including a plurality of 

inputs for receiving one or more data Samples presented 
to the cross-connect Switch, the distributed mesh archi 
tecture comprising a plurality of Segments, each of the 
Segments including a plurality of nodes associated 
there with, the nodes in each of the Segments being 
operatively interconnected with one another using one 
or more half-duplex links, each of the nodes compris 
Ing: 

a plurality of receivers, at least one of the plurality of 
receivers being configured to receive a data Sample 
presented to the node, 
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a plurality of transmitters, at least one of the plurality 
of transmitters being configured to transmit a data 
Sample from the node, 

an input time-slot-interchanger (TSI) operatively 
coupled to at least a first half-duplex link and to the 
receiver, the input TSI being configurable to Selec 
tively reorder one or more data Samples received by 
the at least one receiver; 

an output TSI operatively coupled to at least a Second 
half-duplex link and to the transmitter, the output 
TSI being configurable to selectively reorder one or 
more data Samples to be transmitted by the at least 
one transmitter; and 

a controller operatively coupled to the plurality of 
receivers and to the plurality of transmitters, the 
controller being configured to Selectively route a data 
Sample to at least one of: (i) an output of the 
cross-connect Switch; (ii) an adjacent node in a same 
Segment in the mesh architecture; and (iii) an adja 
cent node in an adjacent Segment in the mesh archi 
tecture. 

24. The cross-connect Switch of claim 23, wherein at least 
one of the plurality of nodes further comprises a connection 
map operatively coupled to the controller, the controller 
Selectively routing one or more data Samples in the node in 
accordance with information Stored in the connection map. 

25. The cross-connect Switch of claim 23, wherein at least 
one of the plurality of nodes further comprises a routing 
buffer operatively coupled to the input TSI and the output 
TSI, the routing buffer being configured to at least tempo 
rarily Store at least one data Sample during a reordering of 
the one or more data Samples. 


